A nterior skull base meningiomas are frequently associated with changes in personality and behavior. 10, 14, 16 Interestingly, despite the frequency of meningiomas affecting personality and behavior, large neuropsychological studies documenting alterations in the cognitive (e.g., perception, memory, executive, and language functions) and behavioral domains (e.g., personal adjustment and emotional function) in these patients are rare. Case reports have been published describing personality changes in patients with meningioma, 21-23 but larger studies specifically describing personality change in an-terior skull base meningioma patients are lacking. Some neuropsychological studies have described basic cognitive outcomes in patients with anterior skull base meningioma. 8, 18, 26 These studies report deficits in cognitive functioning, specifically with executive function, working memory, processing capacity, and motor speed. Documenting outcomes in the behavioral domain in addition to the cognitive domain is crucial, because deficits in the behavioral domain have close relevance to the personality changes frequently associated with anterior skull base meningiomas.
Anterior skull base meningiomas often involve the ventromedial prefrontal cortex (vmPFC), which is implicated in various higher cognitive functions (including valuebased decision-making 5 and moral judgments 17 ) and also in emotional regulation 1 and personality. 2, 3 Interestingly, although anterior skull base meningiomas frequently involve (and lesion) the vmPFC, the cognitive and behavioral manifestations of anterior skull base meningiomas remain poorly understood. 26 Several authors have reported minimal change in cognition following resection for meningiomas. 18, 26 However, despite no significant measureable difference in cognitive or behavioral functioning after surgery, many patients do not return to their premorbid level of functioning. 18 Such outcomes suggest that meningioma lesions, albeit not entirely caused by surgery itself, can lead to significant morbidity after treatment. The purpose of the current study was to characterize the cognitive and behavioral effects of meningioma lesions involving the vmPFC. We hypothesized that meningiomas involving the vmPFC would be associated with a specific decline in adaptive functioning, even when other cognitive functions are spared. We addressed this hypothesis by taking advantage of a unique opportunity afforded by the Iowa Neurological Patient Registry, which contains a large number of patients (n = 70) who underwent resection of meningiomas. This dataset allowed us to incorporate two important design features: 1) for patients with pre-and postsurgical neuropsychological assessments (n = 20), we could examine the effects of surgery per se; and 2) we could contrast patients with vmPFC meningioma lesions (n = 23) with patients with non-vmPFC meningioma lesions (n = 47).
methods patient population
The participants in this study (n = 70) were drawn from the Neurological Patient Registry in the Division of Cognitive Neuroscience at the University of Iowa. All participants had stable, focal lesions following meningioma resection. Exclusion criteria included dementia, concomitant neurological disease (e.g., evidence of cerebral infarction), premorbid psychiatric disease, developmental abnormalities, and alcohol or drug abuse. All participants provided informed consent in accordance with the Human Subjects Committee of the University of Iowa. In connection with their enrollment in the Patient Registry, patients were extensively characterized neuropsychologically and neuroanatomically, using standard protocols of the Benton Neuropsychology Laboratory 25 and the Human Neuroanatomy and Neuroimaging Laboratory. 11 All data were collected in the chronic epoch of recovery (i.e., at least 3 months postoperatively). The average (± SD) age of the participants was 62.1 ± 12.6 years, and the average years of education was 13.5 ± 2.5 years. Patients were categorized into 2 groups: those that have lesions to the vmPFC and those that do not ( Fig. 1 ). Patients were placed in the vmPFC group when their lesion included either the left or right gryus rectus. The demographics for participants in the vmPFC group (n = 23; 7 men, 16 women) and the non-vmPFC group (n = 47; 18 men, 29 women) are listed in Table 1 . Independent sample t-tests revealed that participants in the vmPFC group were older at the time of testing postoperatively than those in the non-vmPFC group (t [68] = 3.2, p = 0.002), and had longer postoperative times since their resection (t [68] = 2.6, p = 0.01). For patients in the vmPFC group, subjective personality disturbance was the most common presenting complaint and occurred in 74% of patients. In the non-vmPFC group, headache was the most common presenting complaint, occurring in 26% of patients ( Table 2) .
A subset of patients (n = 20) was also studied preoperatively. Ten patients with meningioma involving the vmPFC (3 men, 7 women; mean preoperative age 58.9 ± 11.7 years old, postsurgery 68.4 ± 11.2 years old; mean years of education 11.9 ± 2.7 years) were compared with 10 patients with meningioma outside the vmPFC (6 men, 4 women; mean preoperative age 57.0 ± 15.4 years old, postsurgery 61.3 ± 15.0 years old; mean years of education 13.4 ± 2.5 years). There were no significant differences between the 2 groups with respect to years of education or age at the time of testing both before and after surgery. 
lesion analysis
Lesion mapping procedures were performed as previously described. 6, 7, 11, 13 To analyze the placement of lesions and the overlap of lesions in specific brain areas in a group this size, it is necessary to place all lesions in a common space. Lesions were identified by hypointensity on a T1weighted MRI sequence or hypodensity on CT. The lesion contour from the lesioned brains is manually warped into a normal template brain, taking into account gyral and sulcal landmarks, using the following steps: 1) a normal brain, the template brain, is reconstructed in 3 dimensions from thin contiguous MR slices using Brainvox (version 3.14); 2) all major sulci are identified and color-coded in this template brain as well as in the lesion brain; 3) the template brain volume is resliced so as to match the MR slices (or CT slices) of the lesioned brain; 4) the slices in the template brain are matched in orientation and thickness to the lesioned brain, taking into consideration the intersection of the slices with the color-coded sulci (a good match can be assured both by inspection of the 2D images as well as by the positioning of the slices seen in the 3D images); 5) once the matching slices have been obtained, the lesion contour on each slice is manually transferred onto the template brain, taking into consideration the distance of the lesion contour to the identifiable landmarks, such as gyri and subcortical structures; 6) the collection of transferred traces defines a volume that can be co-rendered with the template brain; and 7) the volumes of several lesions so transferred into the template brain intersect in space and create a complex volume, which can also be co-rendered with the template brain. The overlaps of lesions in this volume, calculated by the sum of lesions overlapping on any single voxel, can be color-coded. Thus, the final overlap of subject lesions can be analyzed in the template brain for areas corresponding to maximal overlaps.
Given the robust literature demonstrating a role for the vmPFC cortex in personality and emotional regulation, 1-3 patients were stratified into 2 groups based on whether their lesion associated with their meningioma involved the vmPFC as described above. Lesion size analysis was performed for all patients with appropriate neuroimaging data (51 patients; 19 from the vmPFC group and 32 from the non-vmPFC group). For the patients that had a defined lesion mask, the volume of the mask was calculated using fslstats (version 5.0.2.2), a tool provided in FSL's fslutils. 15 All lesion masks were first binarized so that voxels containing a lesion had a value of 1 and voxels outside the lesion had a value of zero. The resultant mask was run through fslstats, and the output volume (mm 3 ) for nonzero voxels was calculated.
neuropsychological testing
Participants were assessed according to standard protocols of the Benton Neuropsychology Laboratory. 25 This entails standardized assessment of classically described cognitive domains: 20 orientation and attention, perception, memory, verbal functions and language skills, construction and motor skills, concept formation and reasoning, and executive functions ( Table 3 ). Behavioral domains assessed included personal adjustment and emotional function, and adaptive functions ( Table 3 ). Scores in domains of personal adjustment and emotional function, and adaptive functions, were determined by a trained neuropsychologist who was blind to the objectives and hypotheses of the study. To assess personal adjustment and emotional function, standardized self-report measures (e.g., Minnesota Multiphasic Personality Inventory, Beck Depression Inventory) and collateral ratings (e.g., Iowa Scales of Personality Change) were reviewed. To assess adaptive functions, each patient's history and clinical notes were reviewed with regard to employment, independence, and self-care. Using findings from this chart review, each patient's personal adjustment and emotional function, and adaptive functions, were assigned a rating of impairment (0 = no impairment, 1 = mild impairment, 2 = moderate impairment, and 3 = severe impairment) by the blinded neuropsychologist who performed the chart review.
To assess real-life decision making, a subset of patients were tested using the Iowa Gambling Task (IGT). 4, 5 The IGT is a neuropsychological task designed to evaluate and quantify deficits in real-life decision-making during conditions of immediate and delayed reward and punishment. 4, 5 In the task, patients are given $2000 in virtual money and told to play a game to maximize the amount of money they make. Four card decks are presented: A, B, C, and D, with A and B associated with $100 in immediate reward and C and D associated with $50 in immediate reward. Unpredictably, decks A and B are associated with a large penalty, while C and D have smaller penalties. Thus, patients who pick mostly from A and B will incur a net loss, while patients who pick mostly from C and D will incur a net gain (despite the lower "up front" reward in C and D). In the task, there are 100 trials, analyzed by blocks of 20 (blocks 1-5). During the task, patients are not told how many trials they will complete. Patients with vmPFC damage are known to have deficits on the IGT. 5 
statistical analysis
All raw scores were converted to z-scores in accordance with available normative data. 20 Normalized neuropsychological test data were averaged within each of the aforementioned cognitive domains to obtain a composite z-score.
results comparison of pre-and postoperative cognitive and adaptive Functions
Independent-sample t-tests (Bonferroni corrected) were performed to assess group differences (vmPFC vs non-vmPFC) in the change scores from pre-to postoperative testing in the 20 patients with both pre-and postoperative data. These revealed no significant differences between the 2 groups with respect to any of the cognitive domains (Table 4 ). Similar results were found when looking at individual subtests making up the domains (Table 4 ). Both groups showed declines in depressive symptomatology (less depression) postoperatively, as measured by the Beck Depression Inventory, but again no significant differences were found between the 2 groups.
The behavioral domain of adaptive function was assessed in all patients (n = 70) before and after surgery. A 2 × 2 ANOVA was performed to assess differences in adaptive function in the pre-and postoperative epochs as a function of lesion location, where group (vmPFC vs non-vmPFC) and epoch (preoperative vs postoperative) were the 2 factors in the ANOVA. This analysis yielded a significant interaction between group and epoch (F[1,68] = 4.50, p = 0.04), reflecting that the magnitude of postoperative adaptive function decline was greater for the vmPFC group. Both main effects were also significant, reflecting that adaptive function scores in the vmPFC group were lower than those in the non-vmPFC group both preoperatively and postoperatively (F[1,68] = 17.42, p < 0.001), and that there was a decline in adaptive function from the preto the postoperative epochs for both the vmPFC and non-vmPFC groups (F[1,68] = 41.56, p < 0.001). These data are shown in Fig. 2 .
postoperative cognitive and behavioral domain performance
Comparison of postoperative performances in each cognitive domain, and individual tests comprising the domains, are summarized in Tables 5 and 6 , respectively. Independent sample t-tests revealed no significant differences (p > 0.05) between the vmPFC and non-vmPFC groups with respect to any cognitive domain ( Table 5) or individual test (Table 6 ). Given the variability of age and length of time since surgery (chronicity) parameters, a regression analysis was performed to account for age and chronicity. This yielded the same result, i.e., no significant difference between the vmPFC and non-vmPFC groups with regard to postoperative impairment in any of the cognitive domains.
In contrast to the cognitive domains, a significant difference existed between the 2 groups with respect to the behavioral domain of adaptive functions. Independent samples t-tests revealed that participants in the vmPFC group had a significantly higher rate of impairment than did participants in the non-vmPFC group (t [68] = 5.8, p < 0.001; Fig. 3 ). No significant differences were found between the groups with respect to emotional function. Similar to the cognitive domains, a regression analysis was performed to account for variability in age and chronicity between the vmPFC and non-vmPFC groups and when accounting for these variables, the vmPFC group still had a significantly higher rate of adaptive function impairment than the non-vmPFC group (p < 0.001).
iowa gambling task performance
A subset of the participants was administered the IGT (vmPFC: n = 11; non-vmPFC: n = 15). Participants in the vmPFC group performed significantly worse than non-vmPFC participants did during Block 5 (the final 20 card selections) of the task (t [24] = -2.2, p = 0.03). A trend toward significance was noted when comparing the 2 groups over the entire task of 100 selections (t [24] = -1.9, p = 0.08; Fig. 4 ).
Chi-square analysis of task performance revealed that a significantly higher proportion of vmPFC participants had impaired performances both on Block 5 (c 2 [1, n = 26] = 5.38, p = 0.02) and the overall task (c 2 [1, n = 26] = 9.67, p = 0.002). The 2 groups did not differ significantly with respect to age at the time of testing (vmPFC mean = 67.1 ± 6.8 years; non-vmPFC mean = 58.1 ± 13.8 years), lesion chronicity (vmPFC mean = 12.5 ± 11.0 years; non-vmPFC mean = 7.0 ± 3.4 years), or years of education (vmPFC mean = 14.9 ± 2.5 years; non-vmPFC mean = 14.0 ± 2.6 years).
Further analysis showed significant correlations between adaptive functions and performance on the IGT. Greater impairment in adaptive functions was significantly correlated with worse performance on the IGT both on Block 5 (r = -0.63, p = 0.001) and the overall task (r = -0.57, p = 0.002). Of the 12 vmPFC participants, 7 were impaired on Block 5 of the IGT, and all had ratings of moderately or severely impaired adaptive functions. Five were impaired on the overall task, and again all had ratings of moderately or severely impaired adaptive function.
lesion analysis
To further examine the effect of lesion location on adaptive functioning, lesion maps were generated for the 15 patients with the worst adaptive functioning scores and the 15 patients with the best adaptive functioning scores Next, the role of lesion size on cognitive and behavioral outcomes was examined. Regardless of whether patients were in the vmPFC or non-vmPFC groups, lesion size was correlated with impairments in attention (r = -0.38, p < 0.003), memory (r = -0.24, p < 0.05), verbal-language function (r = -0.29, p < 0.02), executive function (r = -0.3, p < 0.02), emotional function (r = 0.23, p < 0.05), and adaptive function (r = 0.68, p < 0.001). To further evaluate the role of vmPFC lesion size on adaptive function impairment, lesion size was compared for both impaired and nonimpaired patients in both the vmPFC and non-vmPFC groups (Fig. 6 ). When age, chronicity, and lesion size are controlled for in regression analysis, patients in the vmPFC group have significantly worse outcomes in adaptive function (p = 0.003) than patients in the non-vmPFC group, while patients in the non-vmPFC group have worse memory outcomes than patients in the vmPFC group (p = 0.02). When age, chronicity, and lesion size were controlled, none of the other cognitive or behavioral domains showed significantly different levels of impairment between the vmPFC and non-vmPFC groups.
discussion
These data demonstrate deficits in adaptive functions and real-life decision-making (measured by the IGT) in patients with meningioma-induced lesions of the vmPFC. Furthermore, we found that decline in adaptive functions from the pre-to postoperative epoch was more pronounced in patients with vmPFC lesions (compared with patients with lesions that did not involve the vmPFC). Previous work has documented associations between frontal meningiomas and personality change 14, 19 or neuropsychological dysfunction, 26 but to our knowledge this is the first demonstration of the effects of meningioma lesions involving the vmPFC on behavioral functioning in a large group of patients. Additionally, these data demonstrate a deleterious effect of anterior skull base meningioma lesions on valuebased decision making, as measured by the IGT.
Several studies have examined neuropsychological outcomes in meningioma patients. 8, 18, 26 Dijkstra and colleagues studied 89 patients who underwent resection of WHO Grade I meningiomas and reported significant impairment in executive functioning, verbal memory, information processing capacity, psychomotor speed, and working memory. 8 In this study, patients with skull base meningiomas were more likely to have impairment of verbal memory, information processing capacity, and psy- chomotor speed compared with convexity meningioma patients. 8 Tucha et al. studied 54 patients with frontal meningiomas and found preoperative impairments in working memory, fluency functions, tonic alertness, processing speed, and flexibility, with a reported improvement in attentional functions postoperatively. 26 In the present study of 70 meningioma patients, we replicated the finding of little change in cognitive function between the pre-and postoperative epochs. However, despite no significant difference between pre-and postoperative cognitive function, our patients manifested a significant decline in adaptive function postoperatively. This decline occurred in both the vmPFC and non-vmPFC groups, but was especially pronounced for patients in the vmPFC group. One interpretation for the adaptive function decline in both vmPFC and non-vmPFC groups is that neurosurgical intervention for meningioma has an effect on adaptive functions independent of meningioma location. This interpretation is consistent with previous studies showing postoperative decline in quality of life measures. 18 Interestingly, for patients in the vmPFC group, greater preoperative impairment occurred in adaptive function, along with a greater decline in adaptive function between the pre-and postoperative epoch (Fig. 2) . The vmPFC plays an important role in the maintenance of adaptive functions, which could help explain why vmPFC meningiomas are associated with greater preoperative adaptive function impairment. The greater magnitude of adaptive function decline postsurgically in the vmPFC group could be related to either relatively more neurosurgical trauma associated with resection of vmPFC region meningiomas (i.e., retraction injury), or that patients with preoperative adaptive function deficits have even greater difficulty coping with neurosurgical intervention, thereby leading to an even greater increase in postoperative adaptive function impairment. It is important to note that despite postoperative impairment in adaptive function, symptoms of depression (as measured by the Beck Depression Inventory) actually decreased postoperatively, and this was true in both the vmPFC and non-vmPFC groups.
In addition to the effect of vmPFC meningiomas on adaptive function, we also demonstrate deficits in valuebased decision making for patients with vmPFC meningiomas. This is not surprising given that the vmPFC plays a role in various higher cognitive functions, including valuebased decision-making 5 (also moral judgments, 17 emotional regulation, 1 and personality 2,3 ). Interestingly, we found that impairment on the IGT was associated with adaptive function impairment. Thus, it is possible that some of the adaptive function impairment occurs secondary to impaired decision making.
The mechanism of postoperative encephalomalacia (i.e., the meningioma lesion) following meningioma resection, and the pathophysiology behind the associated neuropsychological deficits, is likely a combination of local tissue ischemia (due to the meningioma itself) and neurosurgical trauma. 12, 24 Tomasello and colleagues documented postoperative lesion volumes in a series of patients with giant olfactory groove meningiomas and found encephalomalacia cavities smaller than the meningioma itself. 24 In terms of neurosurgical trauma as a cause of postoperative encephalomalacia, approaches to resect large anterior skull base meningiomas may involve brain retraction 24 or brain transgression, 12 both of which could cause postoperative encephalomalacia. Meningioma growth (preoperatively) itself likely plays a substantial role in the genesis of postoperative encephalomalacia in addition to neurosurgical trauma. Using MRI, Domingo and colleagues reported decreased cerebral blood volume and increased lactate as far as 4 cm from meningiomas, suggesting tissue ischemia outside of the meningioma itself. 9 Localized brain ischemia surrounding the meningioma may lead to cell death and concomitant encephalomalacia. Thus, meningiomas in the absence of neurosurgical intervention can cause significant disruption of surrounding brain tissue (and associated functions), and this disruption can potentially be worsened by neurosurgical trauma. Despite the effects of neurosurgical trauma and the meningioma itself, previous work has shown that cognitive functions (as measured by neuropsychological tests) typically remain stable or improve after neurosurgical resection. 26 Interestingly however, our results demonstrate a marked postsurgical decline in adaptive function in meningioma patients, in the presence of stable performance on cognitive testing. This decline in adaptive functions was present in patients with both vmPFC and non-vmPFC meningioma lesions, but was especially notable in patients with vmPFC lesions.
As noted in the introduction, personality changes have been observed in many patients with frontal meningiomas. Interestingly, Krupp et al. reported that 19% of patients with meningioma did not return to their premorbid work level. It is possible that changes in the cognitive domain contribute to the alteration of personality and decreased return to work in meningioma patients, but our results suggest that it is more likely that factors within the behavioral domain (e.g., emotional function and adaptive function) are what play a key role in personality and work outcomes. We examined personality directly by measuring scores on the Iowa Scale of Personality Change as a component of emotional function (Table 3 ). Although we did not find significant impairment in emotional function in our patients with vmPFC lesions, there was a trend toward impairment in emotional function in patients with vmPFC lesions (Fig.  2) . The addition of 1 or 2 patients to our study group could potentially make emotional function impairment in the vmPFC group a significant finding in our study. Our results demonstrate robust impairment in adaptive function, which is potentially related to the decreased return to work reported in other studies. 18 Fig. 6 . Bar graph depicting lesion size as a function of adaptive function score in vmPFC and non-vmPFC lesion patients. Lesion size was associated with adaptive functioning deficits in the vmPFC group.
Given the propensity of anterior skull base meningiomas to involve (and lesion) the vmPFC 24 (e.g., gyrus rectus and orbitofrontal cortex), it is not surprising that anterior skull base meningiomas frequently present with the subjective complaint of personality change. 21, 26 Previously, bilateral vmPFC lesions have been associated with acquired personality change, specific deficits in dampening of emotional experience, poorly modulated emotional reactions, and defective social decision making. 1 Because most meningiomas are relatively slow growing, it is possible that brain reorganization occurs in tandem with meningioma growth and that the cognitive deficits seen in meningioma patients with vmPFC lesions are less pronounced than in patients who have more abrupt lesion onset. To determine how the rate of lesion development effects neuropsychological outcome would require comparison of slow growing lesions (e.g., WHO Grade I meningiomas) to rapidly acquired lesions (e.g., a frontal contusion).
A potential limitation of this study is that our patient population is restricted to patients who underwent neuropsychological evaluation in conjunction with neurosurgical treatment. It is possible that a large number of patients with meningioma who undergo neurosurgical resection are not referred for neuropsychological evaluation. Patients referred for neuropsychological evaluation typically have more noticeable cognitive deficits or behavioral changes associated with the discovery or resection of the meningioma. For this reason, it is possible that the cohort of patients in our study has more pronounced cognitive or behavioral deficits than the typical meningioma patient. With that possibility acknowledged, our results show relative stability in the majority of cognitive functions across the pre-and postoperative epochs, consistent with other studies that had different enrollment protocols. 8, 26 It is possible that patients referred for neuropsychological evaluation (and included in this study) are at greater risk for adaptive function impairment, but because the characteristics of pre-and postoperative cognitive change are the same in our study as in other meningioma studies, this possibility appears less likely. An additional limitation of our study is the relatively small sample size of patients who had both pre-and postoperative neuropsychological data. Although it is important to acknowledge this limitation in regard to the pre-and postoperative comparisons, the main objective of this study was to examine the effect of meningioma lesions in the vmPFC, which is well established by examination of postoperative neuropsychological tests in a large number of patients (n = 70) with detailed neuroanatomical lesion maps.
conclusions
Lesions of the vmPFC resulting from meningiomas are associated with specific deficits in adaptive function and value-based decision making, despite no major dysfunction in basic cognitive abilities. Despite improvement in depression symptoms, meningioma patients with or without vmPFC involvement showed decline in adaptive function postoperatively, and this decline was especially notable in patients with vmPFC region meningiomas. Early detection and resection of meningiomas of the anterior skull base (involving gyrus rectus) may prevent these deficits.
